Uracil phosphoribosyltransferase catalyzes the key reaction in the salvage of uracil in many microorganisms. The gene encoding uracil phosphoribosyltransferase (upp) was cloned from Lactococcus lactis subsp. cremoris MG1363 by complementation of an Escherichia coli mutant. The gene was sequenced, and the putative amino acid sequence was deduced. The promoter was mapped by both primer extension and analysis of P-galactosidase expressed from strains carrying fusion between upp promoter fragments and the lacLM gene. The results showed that the upp gene was expressed from its own promoter. After in vitro construction of an internal deletion, a upp mutant was constructed by a double-crossover event. This implicated the utilization of a plasmid with a thermosensitive origin of replication and a new and easy way to screen for double crossover events in both gram-positive and gram-negative bacterial strains. The phenotype of the uracil phosphoribosyltransferase-deficient strain was established. Surprisingly, the upp strain is resistant only to very low concentrations of 5-fluorouracil. Secondary mutants in thymidine phosphorylase and thymidine kinase were isolated by selection for resistance to high concentrations of 5-fluorouracil.
Uracil phosphoribosyltransferase catalyzes the key reaction in the salvage of uracil in many microorganisms. The gene encoding uracil phosphoribosyltransferase (upp) was cloned from Lactococcus lactis subsp. cremoris MG1363 by complementation of an Escherichia coli mutant. The gene was sequenced, and the putative amino acid sequence was deduced. The promoter was mapped by both primer extension and analysis of P-galactosidase expressed from strains carrying fusion between upp promoter fragments and the lacLM gene. The results showed that the upp gene was expressed from its own promoter. After in vitro construction of an internal deletion, a upp mutant was constructed by a double-crossover event. This implicated the utilization of a plasmid with a thermosensitive origin of replication and a new and easy way to screen for double crossover events in both gram-positive and gram-negative bacterial strains. The phenotype of the uracil phosphoribosyltransferase-deficient strain was established. Surprisingly, the upp strain is resistant only to very low concentrations of 5-fluorouracil. Secondary mutants in thymidine phosphorylase and thymidine kinase were isolated by selection for resistance to high concentrations of 5-fluorouracil.
A growing organism has a need for nucleotides in order to synthesize DNA, RNA, and several cofactors. This demand can be fulfilled in two ways: (i) by de novo synthesis of the nucleotides or (ii) by utilization of already existing nucleotides, nucleosides, or nucleobases, arising from degradation of RNA and DNA inside the cell or from uptake of precursors present in the growth medium. Lactococci are able to synthesize pyrimidines de novo since they are able to grow on a defined medium in the absence of pyrimidines (32) . Furthermore, it has been shown that lactococci are able to utilize different exogenous pyrimidine sources, including uracil (24) . The key step in uracil salvage is the reaction of uracil with 5-phosphoribosyl-a-1-pyrophosphate (PRPP), resulting in the formation of UMP and pyrophosphate. The reaction is catalyzed by uracil phosphoribosyltransferase (UPRTase), encoded by upp. This enzyme seems to be present in most microorganisms (see reference 25 for a review). The cloning and sequence determination of the corresponding genes from Escherichia coli (4), Saccharomyces cerevisiae (20) , and Streptococcus salivarius (11) have previously been reported. In this report, we describe the cloning, sequencing, and characterization of the upp gene encoding UPRTase from the gram positive lactic acid bacterial strain Lactococcus lactis MG1363 (9) .
MATERIALS AND METHODS
Strains and plasmids. The strains and plasmids used in this work are presented in Table 1 .
Media, growth conditions, transformation, preparation of extracts, and enzyme assay. Lactococcal cultures were grown either on M17 glucose broth (37) or on SA medium, a morpholinepropanesulfonic acid (MOPS)-based chemically defined medium containing 1% glucose, seven vitamins, and 19 amino acids (32) . E. coli cultures were grown on Luria-Bertani (LB) broth or on AB medium containing glucose (0.5%), Casamino Acids (1%), thiamine (1 jig/ml), and biotin (1 jig/ml) (6). For plates, agar was added to 15 g/liter. All incubations were at 30'C in the presence of oxygen. When needed, the following were added to the different media:
5-fluorouracil (FU) at 0.3, 1, 5, 10, and 25 pig/ml, uracil at 20 ,ug/ml, pyrimidine nucleosides at 40 pg/ml, erythromycin at 1 ,ug/ml for lactococci and 250 ,ug/ml for E. coli, ampicillin at 100 jig/ml, and tetracycline at 8 jig/ml. L. lactis was transformed by electroporation (15) . E. coli cells were transformed as previously described (34) . For assays the cells were grown aerobically to 0.8 units of optical density at 450 nm (OD450) and harvested. The cells were washed and resuspended in 50 mM Tris-HCl (pH 7.8)-i mM EDTA-1 mM dithiothreitol, resulting in a 100-fold concentration of the cells. Lactococcal cells were lysed in the French pressure cell press at 28,000 lb/in2, whereas E. coli cells were lysed by sonication. Cell debris was removed by centrifugation, and the supernatant was used directly for determination of enzyme activity. UPRTase activity was assayed as described by Rasmussen et al. (30) . Thymidine kinase and thymidine phosphorylase activities were assayed as previously described (24) . Protein determination was performed as described by Lowry et al. (21) . For monitoring ,B-galactosidase activity, cells were grown in M17 glucose broth without aeration at 30°C and assayed at 30°C as previously described (34) .
DNA isolation, manipulation, and electrophoretic analysis. Plasmids and chromosomal DNA were isolated as previously described (34) . Plasmid DNA was enzymatically manipulated and analyzed by agarose gel electrophoresis as previously described (34) , under the conditions recommended by the manufacturers. Chromosomal DNA was digested with restriction enzymes, separated by agarose gel electrophoresis, and analyzed by Southern hybridization (34) . DNA sequences were determined by the dideoxy sequencing method of Sanger et al. (35) .
Construction of plasmids. The following constructions were made. pJM300 was digested with XbaI and SmaI. The protruding end at the XbaI site was filled in by Klenow polymerase (12) . Primer extensions on 1 pug of total RNA were performed as described previously (4). Construction of an upp deletion on the lactococcal chromosome. pG+378 was transformed to L. lactis MG1363. Transformants were selected and purified on 1 pug of erythromycin per ml at 280C. To select for integration on the chromosome, the plasmid-carrying cells were streaked on a M17 plate supplied with glucose and erythromycin and incubated at 350C overnight. Colonies were restreaked on erythromycin plates and incubated overnight at 35TC. Colonies were streaked on erythromycin-containing plates and incubated at 280C overnight in order to facilitate excision of the plasmid by recombination. M17 medium supplied with glucose and erythromycin was inoculated with erythromycin-resistant colonies and incubated at 280C overnight. Plasmid DNA was extracted and analyzed by EcoRI digestion and agarose gel electrophoresis. Strains containing plasmids with an EcoRI site in the lactococcal DNA, indicating that the wild-type upp gene has been excised, leaving a deletion on the chromosome, were cured for plasmid by streaking on a M17 glucose plate and incubated at 350C overnight. Colonies were restreaked on M17 glucose plates, incubated overnight at 35°C, and screened for erythromycin sensitivity. The strain was designated MB112.
Uracil excretion. Strains to be tested were grown in SA glucose minimal medium overnight. The bacteria were removed by centrifugation, the pH was adjusted to 7.0, and the bacteria were subsequently sterilized by filtration through a 0.22-Rxm-pore-size Millipore filter. The sterile medium was placed in two tubes with 2 ml in each and supplied with ampicillin to 100 ,ug/ml. One tube was inoculated with 106 cells of the indicator strain BM604 harboring pJM370. The second tube was kept as a control without inoculation.
The assay was standardized in the following way. Two series of tubes were set up, containing 2 ml of fresh medium supplied with ampicillin at 100 ,ug/ml and increasing amounts of uracil (O to 4 ,ug/ml), and were inoculated with BM604 harboring pJM370. All samples were incubated at 37°C overnight. Growth yield was established by measuring OD450. The cell densities in the cultures with known amounts of uracil was used to quantify the uracil excretion of the different stains. The presence of 1 ,ug of uracil per ml facilitates the growth of the E. coli strain to a density of 0.17 OD450 unit. This value was also obtained by using medium inoculated with the wild-type lactococcal strain MG1363, grown overnight, and sterilized as described above. The results are the mean values of 16 independent experiments, and the standard deviation were calculated by assuming a normal distribution.
Incorporation of uracil into nucleic acids. Cells were grown in SA glucose minimal medium, and at an OD450 of 0.5, 50 ,uM [2-14C]uracil (5 mCi/mmol) was added. After 0.5, 2, 5, 10, 20, and 30 min, 0.2-ml samples were withdrawn, precipitated with 5% trichloroacetic acid, and filtered as previously described (31) .
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the EMBL data library and assigned accession number X73329. (22, 38) was found 8 nucleotides upstream of the putative AUG start codon for the UPRTase. This pattern is consistent with the findings for other lactococcal genes (38) . The nucleotides complementary to the 16S rRNA and the AUG start codon are underscored in Fig. 2 . To determine whether upp is expressed monocistronically by a promoter in front of the open reading frame, various DNA fragments containing DNA sequences upstream of upp were cloned in front of a promoterless lacLM gene from Leuconostoc mesenteroides on plasmid pAK80. This transcriptional fusion vector is a shuttle vector maintained by the citrate plasmid replicon in L. lactis (27) and the replicon from pACYC184 in E. coli. Furthermore, it confers erythromycin resistance to the host (19) . MG1363 was transformed with pAK80, pJM333, pJM334, and pJM335, and the amounts of 3-galactosidase expressed from the four strains were determined (Fig. 3) . Only strains harboring pJM333 and pJM334 gave rise to -galactosidase activity. These results demonstrate that the upp gene is expressed from a promoter positioned downstream of the NcoI site and upstream of (or overlapping) the Narl site ( Fig. 2 and 3) .
RESULTS

Cloning
To map the transcription initiation site, primer extension experiments were conducted with RNA extracted from an E. coli strain harboring pJM370 and an L. lactis strain harboring pG+371. Interestingly, the E. coli and L lactis RNA polymerases seem to recognize two different sites in front of the upp open reading frame. In E. coli, transcription is initiated at position 168 (shown by an asterisk Fig. 2 ). This position is preceded by two domains showing homology to the -35 and -10 regions of the '70 promoter of E. coli (14) , starting at positions 134 and 159, respectively (overscored in Fig. 2) terminator structure can be identified. The free energy forming the stem-loop structure was determined (33) and estimated to -22.6 kcal (-94.6 kJ)/mol. It should be mentioned that the stem is unusually long compared with known terminators from E. coli (7) .
Construction of an upp deletion on the chromosome of L.
lactis. The gene inactivation system for gram-positive bacteria developed by Biswas et al. (5) was used to construct a upp deletion. The broad-host-range plasmid pG'host4 contains a temperature-sensitive origin of replication, resulting in inability to replicate at 370C (23) . pG'host4 transformants of MG1363 were selected on erythromycin plates at 280C. The restrictive temperature was chosen as 350C, since MG1363 is unable to grow at 370C. At 350C, the cells were unable to grow in the presence of erythromycin, whereas the cells grew normally in the absence of the drug. This finding encouraged us to use pG'host4 as a vector to deliver upp deletions or mutations to the chromosome of L. lactis MG1363 by homologous recombination. To obtain a deletion of upp on the chromosome, we constructed pG+378. This plasmid carries the NcoI-XbaI fragment as shown in Fig. 1 but is devoid of the main part of the upp coding region because of an EcoRIEcoRV deletion. After transformation of MG1363, integrants were selected at 35TC. Integration was expected to be homologous single crossover either up-or downstream of the upp open reading frame. By lowering the temperature, the excision of the plasmid was promoted, thereby producing a doublecrossover event. By keeping the erythromycin selection pressure at 28TC, the excised plasmids were forced to be maintained in the cells. Depending on the locations of the two recombination events, two different situations could arise. Either pG+378 is re-created, leaving the wild-type sequence on the chromosome, or the wild-type sequence is excised, leaving the upp deletion on the chromosome. By analyzing the plasmids present after the double-crossover event, it is possible to identify a deletion mutant without screening by Southern blot analysis or phenotypical changes. The plasmids of six individually obtained clones were extracted and mapped by restriction endonuclease digestion. On the basis of the maps, three plasmids were shown to have rescued the wild-type system, indicating that the upp mutation has been established on the chromosome. The plasmids from two of these strains were cured by growth in the absence of erythromycin at high temperature. The presence of the upp deletion on the chromosome was verified by Southern blotting, and the two plasmid-cured strains were shown to be identical with respect to the upp deletion (not shown). The upp strain was designated MB112. To obtain a pyrimidine-requiring derivative of MB112, pIP55, a plasmid unable to replicate in lactococci carrying an internal fragment of pyrF from L. lactis MG1363 (1), was transformed into MB112. By selection on M17 plates supplied with erythromycin and uridine, the potential pyrF strain was selected. The strain was designated MB113. The pyrimidine requirement was verified by plating on SA glucose minimal medium with erythromycin in the absence and in the presence of uridine. The mutant is able to grow only in the presence of uridine.
The phenotype of the upp mutation. The effect of the upp mutation was analyzed in five ways: (i) assay of UPRTase activity in crude extract from MB112 (upp), (ii) uracil excretion from MB112 (upp), (iii) the effect of the pyrimidine analog FU on growth, (iv) incorporation of labeled uracil into nucleic acids, and (v) growth of the pyrimidine auxotrophic mutant MB113 (upp pyrF) with different pyrimidine sources. It has been reported that an E. coli strain carrying an upp mutation excretes uracil to the medium (29) . To test whether L. lactis carrying an upp mutation excretes uracil to the medium, the amount of uracil present in the medium after growth of MB112 compared with the wild-type strain MG1363 was measured by using a bioassay as described in Materials and Methods. It was found that MB112 (upp) excretes uracil to a concentration of 0.35 ± 0.01 FLg/ml in minimal medium, whereas the wild-type strain seemed to excrete uracil to a concentration of 0.17 ± 0.01 pug/ml when grown overnight.
The pyrimidine analog FU is toxic for most bacteria (25) (upp). The selected mutants were characterized by enzyme assays, and they were shown to have lost either thymidine phosphorylase or thymidine kinase activity, thus blocking a pathway from uracil through deoxyuridine to dUMP (Fig. 4) . deoxycytidine; R-1-P, ribose-1-phosphate; dR-1-P, deoxyribose-1-phosphate; PRPP, 5-phosphoribosyl-1-diphosphate. The number at each arrow refers to the enzyme catalyzing the reaction: 1, uracil phosphoribosyltransferase; 2, thymidine phosphorylase; 3, uridine phosphorylase; 4, uridine kinase; 5, thymidine kinase; 6, deoxycytidine deaminase; 7, cytidine deaminase.
catalyzing other reactions involving PRPP. The three UPR Tases are extremely similar in the 16-amino-acid putative PRPP binding domain. They deviate from the general PRPP consensus sequence in positions 1, 4, 5, 9, and 16. The most radical of these changes in the UPRTases are the acidic amino acid found instead of glycine at position 1 and the proline found at position-9. Moreover, this proline is found in all the UPRTases described so far, including the UPRTase of Bacillus subtils, which recently has been cloned in our laboratory (unpublished data), and S. salivarius (11) . In all other PRPPbinding proteins known so far, the residue at that position is aspartic acid.
We have previously shown that uracil, uridine, cytidine, deoxyuridine, and deoxycytidine are able to support growth of a pyrimidine auxotrophic mutant (24 utilization of uracil, deoxyuridine, and deoxycytidine as sole pyrimidine sources, whereas uridine and cytidine have alternative pathways (Fig. 4) . Furthermore, the existence of an alternative pathway for the metabolism of uracil is demonstrated. The results obtained strongly suggest that in addition to the upp-dependent formation of UMP, uracil may be metabolized through UdR to dUMP (Fig. 4) . As expected, such a pathway is not sufficient for supporting growth of a pyrimidine auxotrophic mutant, since deoxyribonucleotides are not oxidized to the corresponding ribonucleotides (25) . To our knowledge, this is the first time such a pathway has been demonstrated to function in thymine prototrophic bacteria without a deoxyribose-1-phosphate donor present. This finding can be explained in two ways: the internal concentration of deoxyribose-1-phosphate is high in L. lactis MG1363, or the KM value for deoxyribose-1-phosphate of the thymidine phosphorylase is very low.
As discussed above, UPRTase is responsible for the ability of the cells to utilize exogenous uracil in the growth medium as the sole pyrimidine source. The UPRTase activity is also involved in salvaging uracil, which seems to be formed by internal pyrimidine turnover during bacterial growth, since increased amounts of uracil are excreted to the medium in a UPRTase-deficient strain. In E. coli, an upp mutant was shown to excrete uracil to a concentration of 0.44) gig/ml at an OD450 of 1 (13 (38) .
